Nitric oxide (NO) is the physiologically relevant activator of the mammalian hemoprotein soluble guanylate cyclase (sGC). The heme cofactor of α1β1 sGC has a high affinity for NO, but has never been observed to form a complex with oxygen. Introduction of a key tyrosine residue in the sGC heme binding domain β1(1-385) is sufficient to produce an oxygen-binding protein, but this mutation in the full-length enzyme did not alter oxygen affinity. To evaluate ligand binding specificity in full-length sGC we mutated several conserved distal heme pocket residues (β1 Val5, Phe74, Ile145 and Ile149) to introduce a hydrogen bond donor in proximity to the heme ligand. We found that the NO coordination state, NO dissociation, and enzyme activation were significantly affected by the presence of a tyrosine in the distal heme pocket; however, the stability of the reduced porphyrin and the proteins affinity for oxygen were unaltered. Recently, an atypical sGC from Drosophila, Gyc-88E, was shown to form a stable complex with oxygen. Sequence analysis of this protein identified two residues in the predicted heme pocket (tyrosine and glutamine) that may function to stabilize oxygen binding in the atypical cyclase. The introduction of these residues into the rat β1 distal heme pocket (Ile145Tyr and Ile149Gln Soluble guanylate cyclase (sGC) is the most thoroughly characterized receptor for the gaseous signaling agent nitric oxide (NO). NO induced activation of sGC is critical to several physiological processes including neurotransmission, vasodilation and platelet aggregation (1-3). The importance of sGC to physiological function has been clearly demonstrated over the last decade (4,5); however, much less is understood about the molecular mechanisms that regulate enzyme activity.
Nitric oxide (NO) is the physiologically relevant activator of the mammalian hemoprotein soluble guanylate cyclase (sGC). The heme cofactor of α1β1 sGC has a high affinity for NO, but has never been observed to form a complex with oxygen. Introduction of a key tyrosine residue in the sGC heme binding domain β1(1-385) is sufficient to produce an oxygen-binding protein, but this mutation in the full-length enzyme did not alter oxygen affinity. To evaluate ligand binding specificity in full-length sGC we mutated several conserved distal heme pocket residues (β1 Val5, Phe74, Ile145 and Ile149) to introduce a hydrogen bond donor in proximity to the heme ligand. We found that the NO coordination state, NO dissociation, and enzyme activation were significantly affected by the presence of a tyrosine in the distal heme pocket; however, the stability of the reduced porphyrin and the proteins affinity for oxygen were unaltered. Recently, an atypical sGC from Drosophila, Gyc-88E, was shown to form a stable complex with oxygen. Sequence analysis of this protein identified two residues in the predicted heme pocket (tyrosine and glutamine) that may function to stabilize oxygen binding in the atypical cyclase. The introduction of these residues into the rat β1 distal heme pocket Soluble guanylate cyclase (sGC) is the most thoroughly characterized receptor for the gaseous signaling agent nitric oxide (NO). NO induced activation of sGC is critical to several physiological processes including neurotransmission, vasodilation and platelet aggregation (1) (2) (3) . The importance of sGC to physiological function has been clearly demonstrated over the last decade (4, 5) ; however, much less is understood about the molecular mechanisms that regulate enzyme activity.
sGC is a heterodimeric hemoprotein consisting of two homologous subunits, α and β. The α1β1 heterodimer is the most prevalent and commonly studied protein. Despite the same histidine ligated heme and iron oxidation state as found in the globins, sGC shows no measurable affinity for O 2 and therefore can selectively bind NO in the presence of O 2 (reviewed in (6, 7) ). Interestingly, not only does sGC discriminate against O 2 binding to the heme, but both the Fe II -unligated and Fe II -NO species are stable in an aerobic environment (8) . This is in stark contrast to other hemoproteins that readily bind and ultimately react with O 2 (9) (10) (11) (12) . The mechanism by which sGC discriminates against O 2 binding as well as the molecular events that lead to activation remain to be elucidated.
There have been several proposals on the mechanism of ligand discrimination in sGC (7, 13, 14) and most recently a model was developed based on the crystal structure of a sGC heme domain homologue from Thermoanaerobacter tengcongensis (Tt) (Figure 1 ) (15, 16) . This protein is part of the Heme-Nitric oxide and OXygen (H-NOX) binding family which all share sequence homology with the heme domain (residues 1~190 of the rat β1 subunit) of sGC. The crystal structure revealed that Tt H-NOX stabilizes O 2 binding via a hydrogen bonding network primarily involving a tyrosine and a tryptophan (Tyr145 and Trp9 as defined by the rat numbering system, see alignment). An asparagine residue (Asn74) is also involved in this hydrogen bonding network, but site-directed mutagenesis has shown that Asn74 is less critical than Tyr145 and Trp9 for O 2 stabilization (13). Based on multiple sequence alignments, α1β1 sGC lacks these hydrogen bonding residues, and therefore it was proposed that the lack of these amino acids contributes to the ability of sGC to discriminate against O 2 binding (13). This proposal was called into question in recent reports that showed that the introduction of a tyrosine in the β1 subunit at a position that aligns with Tt H-NOX Tyr145 in fulllength sGC does not yield an O 2 -binding protein (17, 18) despite the fact that this point mutant in the sGC heme-binding construct β1(1-385) was able to bind O 2 (13) .
To further evaluate O 2 binding in sGC we examined several predicted sGCs by multiple sequence alignments and homology modeling ( Figure 1 ). Several sGCs that do contain a tyrosine that aligns with the Tt H-NOX Tyr145 are found in organisms ranging from insects like Drosophila melanogaster (19) to vertebrate fish such as Oncorhynchus mykiss. Based on the presence of this tyrosine it is predicted that these sGCs have the potential to bind O 2 , and indeed one such protein, Gyc-88E from D. melanogaster, has been isolated and shown to bind O 2 (20) . Like some GAF domain-containing proteins (DevS (21) and DosT (22) , and known globin-coupled sensors (23) (24) (25) , this O 2 -binding guanylate cyclase likely requires this tyrosine for O 2 ligation. While these atypical O 2 -binding sGCs, like Gyc-88E, lack the tryptophan and asparagine known to be important for O 2 binding in Tt H-NOX, multiple sequence alignments suggest another possible hydrogen bond donor is present in the heme distal pocket: glutamine.
A homology model of Gyc-88E suggests that this glutamine is in proximity to both the distal pocket tyrosine and O 2 bound to the heme. Additionally, this residue is conserved in sGCs that contain a tyrosine in the predicted heme distal pocket.
Based on the presence of both a tyrosine and a glutamine in the predicted heme distal pocket of Gyc-88E, and the precedence of tyrosine/glutamine hydrogen bonding networks in other heme binding proteins (26) (27) (28) , we propose that O 2 -binding sGCs utilize these amino acids to stabilize O 2 binding, and, therefore, the absence of these residues is critical for the ability of α1β1 sGC to discriminate against O 2 . Significantly, we found that the reactivity of α1β1 sGC with O 2 was altered with the introduction of the proposed Gyc-88E hydrogen bonding network (tyrosine/glutamine), but not the Tt H-NOX hydrogen bonding network (tyrosine/tryptophan). This data supports the hypothesis that the lack of a hydrogen bonding network in the sGC distal heme pocket is critical to the mechanism of ligand discrimination in non O 2 -binding sGCs. Additionally, this report evaluates sGC activation after mutagenesis of conserved heme pocket residues that are proposed to play an important role in maintaining the proteins heme conformation (16) .
Experimental Procedures
Materials. Primers were obtained from Elim Biopharmaceuticals. Sf9 cells were obtained from the Department of Molecular and Cell Biology Tissue Culture Facility, University of California, Berkeley.
Rat sGC α1β1 was purified as described previously (29) 
were purchased from Cayman Chemical Co. CO gas was from Praxair.
Site-Directed Mutagenesis. Mutants of fulllength rat β1 were generated using the QuikChange XL site-directed mutagenesis kit (Stratagene) according to the manufacturer's instructions. The accuracy of each substitution was verified by sequencing (University of California, Berkeley DNA Sequencing Facility). The Bac-to-Bac baculovirus expression system (Invitrogen) was used to generate recombinant baculovirus according to the manufacturer's protocol. Sf9 cells were cultured and recombinant sGC mutants were purified according to a previously published protocol (29) . The protein purity of all sGC mutants was assessed by SDS-PAGE using pre-cast 10% Tris-glycine gels (Invitrogen), and was routinely greater than 95%. Protein concentrations were determined using the Bradford Microassay (Bio-Rad Laboratories).
Purification of sGC α1β1 I145Y/I149Q. The sGC prep was slightly modified for the purification of sGC α1β1 I145Y/I149Q due to the instability of the construct under standard prep conditions. The cell pellet from 5 L of Sf9 expression cultures was lysed and the supernatant was applied to Ni-NTA Superflow resin (Qiagen) as described previously. The fractions containing sGC were pooled and exchanged into buffer A [25 mM TEA, pH 7.4, 150 mM NaCl, 5 mM DTT, 10% glycerol] before loading onto a prepacked POROS HQ2 anion exchange column (Applied Biosystems). A gradient was developed from 150 mM to 500 mM NaCl, and purified sGC was collected and pooled.
Heme reconstitution. sGC α1β1 F74Y and I145Y/I149Q were isolated with a substoichiometric amount of heme. To reconstitute these proteins 1.5 equivalents of hemin was added to the protein and the sample was left on ice for 12 hrs to allow the solution to equilibrate. Excess hemin was then removed by applying the sample to a PD-10 column equilibrated with buffer A for sGC α1β1 I145Y/I149Q or buffer B [50 mM Hepes, pH 7.4, 50 mM NaCl, 5 mM DTT] for sGC α1β1 F74Y. Heme stoichiometry was determined as described previously (30) . These proteins were characterized both as isolated and after heme reconstitution to ensure the procedure did not affect protein activity or ligand binding characteristics.
Electronic Absorption Spectroscopy. Absorption spectra were collected on a Cary 3E spectrophotometer with a Neslab RTE-100 temperature controller set at 20 ºC. Spectra were collected over the range of 250-700 nm at 600 nm/min with a 1 nm data point interval. Reduced (ferrous, Fe II ) sGC and the Fe II -CO and Fe II -NO complexes were examined. As purified, most constructs were in the Fe II -unligated state. If the protein as isolated was oxidized (ferric, Fe III ), it was reduced by adding 1 mM dithionite in an anaerobic chamber (Coy) and then excess dithionite was removed by 3 cycles of dilution/concentration using a 10K Ultrafree-0.5 centrifugal filter device (Millipore) into 50 mM Hepes, pH 7.4, 50 mM NaCl. The sGC Fe II -CO complex was formed by flushing CO over sGC in the Fe II -unligated state in a sealed anaerobic cuvette. The Fe II -NO complex was formed by adding 100 µM DEA/NO to Fe II -sGC. After forming the Fe II -NO complex, the effect of temperature on the coordination state was examined. In these experiments the temperature was varied between 5-50 ºC in the presence and absence of the substrate GTP (1 mM) or the allosteric sGC activator YC-1 (150 µM) in 50 mM Hepes, pH 7.4, 50 mM NaCl, 3 mM MgCl 2 .
Activity assays. Duplicate end-point assays were performed at 37 ºC as previously described (31) . A 10 mM DEA/NO solution was prepared in 10 mM NaOH and a 15 mM YC-1 solution was prepared in DMSO. NO (100 µM DEA/NO) or CO(g) was added to sGC (233 nM) in 50 mM Hepes, pH 7.4, 50 mM NaCl in an anaerobic cuvette. After complex formation was confirmed by electronic absorption spectroscopy the protein was added to an assay mixture to initiate the enzyme reaction. The final assay contained 0.2 µg of enzyme in 50 mM Hepes, pH 7.4, 1 mM DTT, 3 mM MgCl 2 , 1.5 mM GTP and 150 µM YC-1 where indicated. All assays were in a final volume of 100 µL and had a concentration of 2% DMSO, which was shown not to affect enzyme activity. Reactions were quenched after 3 min by the addition of 400 µL of 125 mM Zn(CH 3 CO 2 ) 2 and 500 µL of 125 mM Na 2 CO 3. cGMP quantification was carried out using a cGMP enzyme immunoassay kit, Format B (Biomol), per the manufacturer's instructions. Each experiment was repeated 2-4 times to ensure reproducibility.
Dissociation of NO from sGC. Dissociation of NO from the heme of sGC was measured at 25 ºC using the CO/dithionite trapping method described previously (29) .
The final concentration of Na 2 S 2 O 4 in the reaction mixture was 30 mM and the final sGC concentration was 1.3 µM. The reaction was monitored by electronic absorption spectroscopy using a Cary 3E spectrophotometer equipped with a Neslab RTE-100 temperature controller. Data were collected over the range of 380 -450 nm at 909 nm/min with a 1.5 nm data point interval. Spectra were recorded every 18 s for 5 min, every 1 min for 10 min, and every 2 min thereafter for a total of 3 hrs, or until the reaction 4 was complete. A buffer baseline was subtracted from each spectrum, and spectra were corrected for baseline drift by normalization to an isosbestic point at ~410 nm. Values for the change in absorbance at 424 nm were extracted from the difference spectra and plotted versus time to obtain dissociation time courses for each experiment. Data were fit to single and double exponential equations.
Determination of autooxidation rates. The stability of Fe II α1β1 I145Y/I149Q in the presence of O 2 was examined with electronic absorption spectroscopy. sGC was reduced as described above and buffer exchanged into 25 mM TEA, pH 7.4, 150 mM NaCl, 5 mM DTT, 10% glycerol. Protein (600 nM in 75 µL) in an anaerobic cuvette was monitored over time after the addition of 20 µL of O 2 saturated buffer at 10 ºC. The change in the absorbance maximum versus time was plotted and the data were fit to a single exponential (Equation 1).
RESULTS & DISCUSSION
Introduction of a single distal pocket tyrosine. The inability of sGC α1β1 to bind O 2 enables the protein to function as a selective NO sensor. Despite predictions based on H-NOX proteins, the reactivity of the α1β1 heterodimer towards O 2 was not affected by mutation of β1 isoleucine 145 to tyrosine (17) .
To further investigate the mechanism of ligand discrimination in sGC several sGC mutants were examined to test the importance of a single tyrosine and a hydrogen bonding network in the heme distal pocket. To first probe the effects of a single distal pocket tyrosine on the ligand binding properties of full-length sGC, the β1 mutants V5Y, F74Y, I145Y and I149Y were purified as heterodimers and characterized. Like the wildtype protein, all of these constructs were isolated in the Fe II -unligated state and they did not oxidize in air or form a complex with O 2 . The ratio of apo to heme bound protein (RZ value) was estimated from the ratio of the absorbance of the reduced protein at ~431 nm to 280 nm, and was used as a measure of heme affinity (Table 1) . Assuming the changes in the extinction coefficients of the mutants are small, the ratio of apo to heme-bound protein can be compared among the constructs to evaluate relative heme affinity. Most of the single distal pocket tyrosine mutants had RZ values that were slightly lower than the wild-type protein (Table 1) . However, α1β1 F74Y had a very low RZ value (RZ ~ 0.15) indicating the protein was isolated with significantly less heme. The mutant was reconstituted with heme to yield a protein that bound ~ 1 equivalent of heme (RZ = 0.70). α1β1 F74Y exhibited similar ligand binding properties pre-and post-reconstitution and was enzymatically active (see below), which suggests that the procedure did not disrupt the heme binding pocket. As shown in Figure 2 , the mutants formed stable complexes with both NO and CO. Generally, 6-coordinate CO complexes were characterized by Soret absorbance maxima at 420 or 423 nm, but significant variability was observed in the α/β bands (Table 1 ). This indicates that the α and β bands of sGC Fe II -CO complexes are sensitive to substitutions made within the distal heme pocket.
Interestingly, the electronic absorption maxima for the Fe II -NO complexes showed significant variation (Table 1) . Both α1β1 V5Y and α1β1 I149Y formed a 5-coordinate NO complex, like the wild-type protein, while α1β1 F74Y and α1β1 I145Y formed a mixture of a 5-and 6-coordinate NO complexes. The sGC homologues L2 H-NOX and Tt H-NOX bind NO as a mixture of 5-and 6-coordinate complexes. Extensive characterization of these proteins revealed that the equilibrium between the 5-and 6-coordinate states could be thermally shifted (32); increasing temperature led to the breaking of the Fe-His bond thus increasing the population of 5-coordinate Fe II -NO. The temperature dependence of the NO coordination state in both α1β1 F74Y and α1β1 I145Y ( Figure  3 and Figure S1 ) was examined. In agreement with results obtained with L2 H-NOX and Tt H-NOX, the population of 5-coordinate Fe II -NO increased in a temperature dependent manner. This thermal equilibrium provided a new method to test the proposal that both substrate (GTP) and a sGC activator (YC-1) weaken the sGC Fe-His bond (33, 34) by examining the temperature dependence of the Fe II -NO complexes in the presence and absence of the small molecules. If GTP and YC-1 weaken the Fe-His bond, we would expect an increase in the population of 5-coordinate Fe II -NO after addition of the compounds. Figure 3 shows that 1 mM GTP and 150 µM YC-1 led to an increase in the 5-coordinate Fe II -NO complex that is characterized by a Soret absorbance maximum at 399 nm in both α1β1 F74Y and α1β1 I145Y at all temperatures examined (5-50 ºC). This result is in agreement with observations based on resonance Raman spectroscopy (33, 34) .
The precise location of the allosteric substrate and YC-1 binding site remain to be determined, though there is evidence that YC-1 binds to the Nterminus of the α1 subunit (35) . It has been suggested that the sGC allosteric GTP site is contained on the C-terminus, within a proposed pseudosymmetric site (36) (37) (38) . While additional work is necessary to confirm these binding sites, it is clear that these compounds induce a conformational change within the heme pocket. Furthermore, the results reported here confirm that both GTP and YC-1 weaken the Fe-His bond when NO is bound to the heme.
NO dissociation rates. The effect of a distal pocket hydrogen bond donor on the dissociation of NO from the α1β1 heme was also examined. Previously, NO dissociation from sGC was found to be complex and required two exponentials to fit the data in both the rat (29) and Manduca sexta (39) α1β1 heterodimers. To account for this observation it was proposed that the sGC Fe II -NO complex is a mixture of two different 5-coordinate species (Scheme 1). heme-NO heme-NO heme-NO
One species has a higher activity with a faster NO dissociation rate (heme-NO 5C ), and the other species has a lower activity and slowly releases NO (heme-NO * 5C ). Further discussion of this model for NO dissociation from sGC can be found in a previous report (29) . Additionally, analogous models have been proposed to explain multiple exponentials observed for ligand binding to hexacoordinate globins (40) , and to the CO sensor CooA (41) .
A CO/dithionite trap was used to measure NO dissociation from wild-type sGC and the β1 mutants V5Y, F74Y, I145Y and I149Y at 25 °C. Plots of NO dissociation time courses for these constructs are shown in Figure 4 . The data for wild-type sGC and the β1 mutants V5Y, F74Y and I145Y were fit to a two exponential equation (Table 2 ), but the dissociation of NO from α1β1 I149Y was too slow to accurately measure. This indicates that sGC α1β1 I149Y forms a very stable complex with NO, and there was no significant dissociation even after 4 hrs at 37 ºC.
The effect of a distal pocket hydrogen bond donor on k 1 , the faster dissociation rate, was variable.
In α1β1 I145Y, both k 1 and the population of sGC with a faster NO dissociation rate increased. This construct is known to be a mixture of 5-and 6-coordinate Fe II -NO complexes, and the faster dissociation rate may arise from the population of 6-coordinate Fe II -NO (32) . In sGC α1β1 V5Y and α1β1 F74Y, k 1 decreased 5-fold and 2-fold, respectively. Additionally, the population of sGC with a faster dissociation rate increased relative to the wild-type protein.
There is a difference between the observed NO dissociation rate from α1β1 I145Y obtained in this report using the CO/dithionite trap (~0.07 s -1 ) and that obtained previously from a plot of observed NO binding rates at varying NO concentrations (12-76 s -1 ) (17) . This discrepancy may be due to the different methods used to determine the rate, and the limitation of measuring the rate without a stopped-flow spectrophotometer. In the previous report, the NO dissociation rate was determined by measuring NO-binding rates at varying concentrations of NO. This method does not account for the multiple exponentials observed when NO dissociates from sGC. In the current report, data scans where collected every 18 seconds which is too slow to accurately measure a rate between 12-76 s -1 . Therefore the previous report likely provides a more accurate estimate of the faster NO dissociation rate while results here more accurately estimate the slower dissociation rate (see below). However, it is apparent that NO dissociation is significantly affected by the inclusion of tyrosine at position 145, and that NO dissociation from α1β1 I145Y is faster than that of the wild-type protein.
For all the studied constructs, the slower dissociation rate k 2 , increased with the introduction of a distal pocket hydrogen bond donor. This increase in the observed rate ranged from 2-fold for α1β1 I145Y to 7-fold for α1β1 V5Y. Also, the relative abundance of Fe II -NO with the slower dissociation rate decreased for all the mutants listed in Table 2 . While we do not have an accurate rate for NO dissociation from α1β1 I149Y, we can assume that either there is an increase in the population of Fe II -NO that releases NO slowly, or that there was a significant decrease in both NO dissociation rates. Regardless of the mechanism it is clear that the introduction of a tyrosine at position 149 has generated a protein that forms a remarkably stable Fe II -NO complex. It is possible that NO is stabilized by a hydrogen bonding interaction with the tyrosine or alternatively, the escape of NO may be prevented by a "closed" heme pocket conformation.
Taken together, these spectroscopic studies show that the introduction of a tyrosine in the α1β1 distal heme pocket significantly alters NO coordination and ligand dissociation from the heme.
However, the presence of a single hydrogen bonding donor does not affect either the ability of α1β1 to discriminate against O 2 binding or the stability of the Fe II heme in the presence of O 2 .
Activity of sGC mutants. Importantly, some of the distal heme pocket residues that were examined in this study are conserved within the H-NOX family. Specifically, β1 Val5 and Ile149 are conserved residues that are proposed to be involved in maintaining the heme conformation (16) . Additionally, Phe74 and Ile145 are residues that are involved in stabilizing O 2 binding in Tt H-NOX. To examine the effect of altering these residues, and potentially the sGC heme conformation, the activity of sGC after mutation of Val5, Phe74, Ile145 and Ile149 was measured ( Table 3 ). All of the mutants exhibited a basal activity that was influenced by the presence of NO, but the degree of this activation was reduced significantly in all of the mutants ( Figure S2 ). α1β1 F74Y exhibited the highest basal activity (2-fold above wild-type), while α1β1 V5Y had the lowest activity in the Fe II -unligated state (6-fold lower than wild-type). Both α1β1 F74Y and α1β1 I145Y were weakly activated by NO (12-to 13-fold), but interestingly, the sGC construct that formed the most stable NO complex (sGC α1β1 I149Y) exhibited the lowest degree of NO-induced activation (3-fold). This may be the result of decreasing the highly active population of the 5-coordinate Fe II -NO complex which has a fast dissociation rate.
Due to the surprisingly low activation of α1β1 I149Y by NO we sought to determine if steric bulk at this position was influencing activation. Therefore, we tested the activity of sGC α1β1 I149A and α1β1 I149Y in Sf9 lysate after expression of the desired construct. Based on these lysate assays, α1β1 I149A was activated 1.3-fold by NO, indicating the mutant exhibits reduced NO-stimulated activity. This result highlights the importance of an isoleucine at residue 149 for enzyme activation by NO.
With the exception of α1β1 F74Y, the distal pocket mutants were weakly activated by CO, similar to wild-type sGC (Table S1 ), but YC-1 synergism was significantly reduced by the presence of a distal pocket tyrosine. YC-1 only activated the α1β1 I145Y and α1β1 I149Y Fe II -CO complexes 1-2-fold while the Fe II -CO complexes of α1β1 V5Y and α1β1 F74Y were activated 8-10-fold ( Figure 5 ). This remains significantly less than the 40-to 100-fold activation observed for the wild-type protein.
These results indicate that changes in the distal heme pocket can effect YC-1 binding and/or allosteric activation, and confirms that the presence of the conserved residues in the heme pocket is important for sGC function. Perhaps mutation of these residues has altered the sGC heme conformation or heme pocket structure, but future work with resonance Raman spectroscopy and/or x-ray crystallography is necessary to determine if there is indeed a correlation with heme conformation and mutation of β1 Val5 and Ile149.
Examining the importance of a hydrogen bonding network. Although a single tyrosine residue is sufficient to stabilize O 2 binding in Tt H-NOX and to convert the non O 2 -binding L2 H-NOX and β1(1-385) into O 2 binders (13), the sGC α1β1 heterodimer is more complex. We found that the introduction of a single hydrogen bond donor into the sGC heme distal pocket did not lead to O 2 binding; however, proteins often utilize more than one residue to optimally position a hydrogen bond donor close to the ligand binding site (16, 28) . Several truncated globins use a network involving Tyr/Gln or Tyr/Trp residues (26, (42) (43) (44) and Tt H-NOX uses a hydrogen bonding network primarily involving Tyr/Trp (13, 16) .
To investigate ligand discrimination in α1β1 the sequence of the recently characterized O 2 -binding guanylate cyclase Gyc-88E was examined. This protein has a tyrosine that aligns with Tt H-NOX Y145 in a homology model, but does not contain an asparagine or tryptophan in the predicted distal heme pocket. Instead there is a glutamine that is in close proximity to the distal pocket tyrosine residue based on a homology model (Figure 1 ). To evaluate if either the Tt H-NOX hydrogen bonding network or the proposed Gyc-88E hydrogen bonding network can stabilize O 2 binding in sGC, the sGC double mutants α1β1 L9W/I145Y and α1β1 I145Y/I149Q were characterized.
The sGC mutant α1β1 L9W/I145Y bound NO and CO, and was stable in the Fe II -unligated heme state in the presence of O 2 (Table 1, Figure S3A ). This mutant contained a greater population of 5-coordinate Fe II -NO when compared to α1β1
I145Y. The activity of α1β1 L9W/I145Y was examined in the presence and absence of NO, CO and YC-1 ( Figure S3B ). The fold stimulation by NO of α1β1 L9W/I145Y and wild-type α1β1 was similar, despite the fact that the mutant protein contained a mixture of 5-and 6-NO coordination states. The mutant was weakly activated by CO (~2-fold), but YC-1 did not stimulate the Fe IIunligated or CO-bound protein. This indicates that the addition of tryptophan at position 9 inhibits sGC stimulation by the allosteric activator.
After engineering the Tt H-NOX hydrogen bonding network into rat sGC, the effect of introducing the proposed Gyc-88E hydrogen bonding network was examined. Interestingly, α1β1 I145Y/I149Q was isolated in the Fe III heme oxidation state. The purified protein contained a substoichiometric amount of heme (RZ = 0.09); therefore we reconstituted α1β1 I145Y/I149Q with heme (RZ = 0.54 -0.61) and characterized the protein. Similar to our results with α1β1 F74Y, α1β1 I145Y/I149Q exhibited similar ligand binding characteristics pre-and post-heme reconstitution. The mutant formed a 6-coordinate Fe II -CO complex and a mixture of 5-and 6-coordinate Fe II -NO complexes ( Figure 2 and Table  1 ). The coordination state of the Fe II -NO complex was the most affected by introducing either the proposed Tt H-NOX or Gyc-88E hydrogen bonding networks. In sGC α1β1 I145Y the NO complex is mostly 6-coordinate, and this shifts to a mostly 5-coordinate complex in both α1β1 L9W/I145Y and α1β1 I145Y/I149Q. The observed shift to a 5-coordinate complex in the double mutants was unexpected as Tt H-NOX (45) and Gyc-88E (20) form 6-coordinate complexes with NO. This indicates that distinct differences in heme pocket structure exist between the wildtype and mutagenized heme proteins.
Next, the oxidation of α1β1 I145Y/I149Q was examined to investigate the possible binding of O 2 to the sGC heme. α1β1 I145Y/I149Q oxidizes at a relatively fast rate (0.000553 s -1 ) after exposure of the reduced ferrous protein to O 2 . Importantly, an intermediate with an absorbance at 417 nm is observed during the oxidation reaction ( Figure 6 ). Fe II -O 2 complexes are typically reported between 415-417 nm (9) strongly suggesting that the intermediate we observe is a sGC Fe II -O 2 complex. To probe the oxidation state of the intermediate we added CO and/or cyanide to the 417 nm sGC species. A significant portion of the sample bound CO, as indicated by a shift in the Soret absorbance maximum from 417 nm to 420 nm. A small portion of the sample also bound cyanide, which is expected given the observed oxidation rate.
The activity of α1β1 I145Y/I149Q in various ligation states, including the putative Fe II -O 2 complex, was examined to further characterize the mutant protein ( Figure S4 ). α1β1 I145Y/I149Q was unresponsive to the presence of CO or O 2 , but was weakly activated by NO (2-fold). These results are consistent with those obtained for α1β1 I149Y. The activity of Fe III α1β1 I145Y/I149Q was examined in the presence and absence of the ferric heme ligand cyanide.
Ferric α1β1 I145Y/I149Q exhibits reduced activity when compared to the activity of the ferrous protein, and enzyme activity was not affected by CN binding. 1-(N,N-diethylamino) diazen-1-ium-1,2-diolate; DTT, dithiothreitol; Sf9, Spodoptera frugiperda; Hepes, 4-(2-hydroxyethyl)-1-piperazineethane sulfonic acid; DMSO, dimethyl sulfoxide; EIA, enzyme immunoassay. Fig. 1 . Time courses for observed NO dissociation from sGC β1 distal pocket mutants in the presence of a CO/dithionite trap at 25 ºC. Data were extracted from difference spectra and plotted with a double (solid line) exponential fit. Wild-type α1β1, α1β1 V5Y, α1β1 F74Y, α1β1 I145Y, and α1β1 I149Y were at 1 µM. The time courses shown are the average of duplicate dissociation experiments repeated 2-4 times for each construct. The low ΔAbs for the α1β1 I149Y mutant is due to a very slow NO dissociation rate. Fig. 5 . Activity of sGC β1 distal pocket mutants in the absence and presence of CO and YC-1 at 37 ºC. The bars, from left to right, refer to wild-type α1β1, α1β1 V5Y, α1β1 F74Y, α1β1 I145Y and α1β1 I149Y. All constructs form 6-coordinate complexes with CO, but the Fe II -CO complexes are activated to varying degrees by the presence of YC-1 (150 µM). 
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